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ANALOG  PROCESSING  OF  OPTICAL  WAVEFRONTS 
USING  INTEGRATED  GUIDED-WAVE  OPTICS 


Final  Report  to  the  Air  Force  Office  of  Scientific  Research 
Contract  # F49620-87-C-0043 

March  15,  1987  -  July  31,  1990 


Robert  H.  Rediker 

Massachusetts  Institute  of  Technology 
Department  of  Electrical  Engineering  and  Computer  Science 
and  Research  Laboratory  of  Electronics 


I.  Introduction 

Integrated  Guided-Wave  Optics  has  many  advantages  for  the  analog  processing 
of  optical  wavefronts.  These  include  small-size,  high-speed,  simplicity,  relia¬ 
bility  and  reproducibil  ity.  The  fabrication  technique  is  similar  to  that  of 
integrated  circuits.  The  thrust  of  this  program  was  to  develop  an  integrated 
guided-wave  optic  system,  in  GaAs  and  GaAlAs  for  use  at  GaAs  laser  wavelength, 
to  remove  abberations  from  a  laser  beam  and  to  steer  the  beam.  The  system  would 
in  addition  have  the  capability  to  appropriately  phase  the  outputs  from  a  multi¬ 
plicity  of  power  amplifiers  or  injection-locked  lasers.  It  was  also  the  intent 
of  the  program  to  design  and  build  the  optical  circuits  so  they  are  compatible 
with  on-chip  electronic  circuits  in  order  to  minimize  the  required  number  of 
off-chip  leads. 

The  research  program  was  proposed  by  MIT  Research  Laboratory  of  Electronics 
with  part  of  the  work  being  performed  at  MIT  Lincoln  Laboratory.  In  general, 
guided-wave  component  evaluation,  analysis  and  understanding  of  optimization  was 
performed  at  MIT  Research  Laboratory  of  Electronics,  while  the  fabrication  and 
actual  optimization  was  performed  at  MIT  Lincoln  Laboratory. 
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Experiments  have  shown  that  integrated  guided-wave  optics  can  successfully 
be  employed  to  measure  and/or  modify  optical  wavefronts.1  The  electrooptic  mate¬ 
rial  used  in  these  experiments  was  TirLiNbO^.  Recently,  however,  there  have  been 
significant  advances  in  the  use  of  semiconductors  as  the  electrooptic  material  in 
which  integrated  optical  devices  are  fabricated,2  This  program  seeks  to  explore 
the  fundamental  issues  associated  with  optical  wavefront  correction  using  inte¬ 
grated  guided-wave  devices  in  GaAlAs  for  use  at  GaAs/GaAlAs  laser  wavelengths. 

In  Section  II  A  the  concept  for  correction  of  an  optical  wavefront  is  pre¬ 
sented  and  several  obvious  advantages  of  "on-chip  processing"  are  pointed  out. 
Section  II  B  describes  the  operation  of  the  proposed  basic  integrated-optics 
module  for  integrated  guided-wave  optics  systems  to  do  the  required  wavefront 
correction  and  steering.  Many  basic  properties  of  guided-wave  optics  need  to  be 
better  understood  and  optimized  before  the  proposed  concept  can  be  realized  in  a 
practical  manner.  In  the  work  described  in  this  report  we  have  focussed  our  atten¬ 
tion  on  two  integrated-optic  components  which  have  requirements,  in  addition  to 
wavelength  of  operation,  specific  to  the  thrust  of  our  program.  In  Section  III 
we  describe  the  design  and  development  of  a  two-dimensional  antenna  to  enhance 
the  coupling  of  guided-wave  optical  radiation  into  free  space.  Our  program  requires 
the  measurement  of  wavefront  tilt  by  an  interferometer  in  which  the  powers  in  the 
interferometer  arms  are  unequal  and  are  variable.  Section  IV  describes  such  a 
wavefront  phase  tilt  measuring  system. 

II.  The  Basic  Module 

A.  Concept 

The  basic  module  proposed  for  wavefront  correction  is  shown  in  Fig.  1. 

The  system  could  contain  as  few  as  ten  modules  or  as  many  modules  as  limited  by 
reliability  and  reproducibility  or  other  system  considerations.  Figure  1  is  the 


1  • 
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Fig.  1  The  basic  module  for  wavefront  correction.  In  practice  of  the  order  of  10 
modules  may  be  appropriate  for  high-resolution  correction.  A  significant 
advantage  of  the  concept  is  the  on-chip  processing  which  reduces  dramati¬ 
cally  the  number  of  leads  required  to  come  off  the  chip.  The  guides  have 
a  lower  fraction,  x,  of  A1  in  the  A^Ga-j^As  than  the  fraction,  y,  in  the 
substrate  for  dielectric  confinement  of  tne  electromagnetic  wave. 
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satne  as  Fig.  6  in  the  U.S.  Patent3  issued  to  the  principal  investigator,  except  it 

also  includes  the  on-chip  detector,  voltage  comparator  and  feedback  control  system. 

The  advantages  of  this  "on-chip  processing"  are  the  reduction  of  the  number  of 

leads  that  are  required  to  come  off  the  chip  and  the  reduction  of  complexity  of 

off-chip  processing  and  time  delays  in  signal  transmission  and  processing.  For 

3 

example,  in  a  system  with  10  modules,  only  one  control  set-voltage  is  required 
(one  lead).  Without  on-chip  processing  10  voltages  need  to  be  determined  by 

3 

the  off-chip  processor  and  require  up  to  10  leads  to  impress  these  voltages.  It 
should  be  pointed  out  that  there  is  a  2tt  radians  (360°)  ambiguity  in  the  phase  of 
the  output  from  any  waveguide.  The  voltage,  V^,  need  never  exceed  the  voltage 
across  the  waveguide  electrodes  to  produce  a  change  in  the  phase  of  2tt  radians.  Of 
course  the  incoming  aberrated  beam  will  be  distorted  by  much  more  than  2tt  radians 

3 

over  the  aperture  of  10  modules.  A  second  lead  to  the  chip  is  required  for  on- 
chip  V ^  corrections  to  keep  all  to  correspond  to  phase  shifts  between  0  and  2tt. 
For  example  if  the  aberration  over  the  aperture  is  50tt  and  -  20  V,  then  without 
the  successive  V2ti  corrections  VN  would  equal  500  V,  which  is  not  feasible  for 
many  fundamental  and  practical  reasons. 

While  the  module  shown  in  Fig.  1  is  specific  to  removing  aberrations  in  the 
wavefront  or  steering  the  beam,  using  the  same  basic  components  other  figures  in 
the  aforementioned  patent  illustrate  the  focussing  of  the  wavefront.  In  general, 
analog  processing  of  the  optical  wavefront  is  possible  with  various  configurations 
of  the  components  illustrated  in  Fig.  1. 

B.  The  Operation  of  the  Basic  Module 

The  operation  of  the  basic  module  in  Fig.  1  is  as  follows:  The  voltage 
VN  delays  the  phase  of  the  optical  wave  in  waveguide  N  by  cf>N  and  the  voltage  VN_-| 
delays  the  phase  of  the  optical  wave  in  waveguide  (N-l)  by  so  that  the  two 
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waves  emerge  from  the  waveguides  in  phase  (the  aberration  is  removed)  or  at  a 
predetermined  phase  (the  aberration  is  removed  and  the  beam  is  steered).  Even- 
escent  wave  coupling  is  used  to  couple  a  small  fraction  6  of  the  power  in  each 
straight-through  waveguide  to  the  adjacent  arm  of  the  interferometer  between  the 
waveguides.  For  equal  incident  optical  powers,  P,  incident  on  each  waveguide  and 
equal  evanescent  coupling,  6,  to  each  interferometer  arm,  the  optical  power 
incident  on  the  detector  is 


=  [25P  cos 


2  "  *N-1 


]  B 


(1) 


where  B  takes  into  account  additional  losses  in  interferometer  arms  such  as  due 
to  the  bends.  When  the  powers  P  are  unequal  and/or  the  couplings  6,  are  unequal 
eq.  (1)  contains  additional  terms  as  is  discussed  in  Section  IV  below.  Also  pre¬ 
sented  in  Section  IV  are  techniques  to  measure  (Acp  =  <t^  -  )  independent  of 

the  powers  P,  the  couplings  6  and  the  losses  taken  into  account  by  B.  In  inte¬ 
grated  optics  as  in  integrated  circuits  it  is  important  for  operation  to  be  inde¬ 
pendent  of  individual  component  variations.  With  the  appropriate  set  voltage  Vs 
applied  to  the  voltage  comparator  in  Fig.  1  the  feedback  control  system  will  set 
the  value  of  V^  with  respect  to  so  that  the  phase  shift  (<pN  -  <f>N_-|)  between 

the  outputs  of  the  two  straight  waveguides  is  zero.  The  details  of  the  feedback 
control  system  are  not  described  here,  except  to  mention  that  it  is  a  relatively 
straightforward  system  which  nulls  the  difference  between  the  detector  output 
voltage  and  the  set  voltage  introduced  from  off  the  chip.  As  part  of  the  elec¬ 
tronic  circuit,  as  mentioned  earlier,  there  15  »  "V2*  decision  network"  to  reduce 
VN  below  the  maximum  value  of  the  voltage  Vg^  which  produces  a  phase  shift  of  2ir 
radians  (360°).  Subtracting  (or  adding  if  VN  is  negative)  Vg^  does  not  change 
the  phase  of  the  output  from  the  straight-through  waveguide. 
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III.  Antenna  Development 

The  first  integrated  optics  component  we  are  developing  under  this  program 
is  the  adiabatic  antenna  shown  as  a  horn  in  Fig.  1.  The  success  of  this  program, 
and  many  other  integrated  optics  programs  depends  on  the  efficient  collection  of 
incident  light  and  the  efficient  emission  of  laser  light  from  the  semiconductor. 
What  is  desired  is  an  adiabatic  antenna  (an  antenna  that  remains  single-mode  and 
loses  no  energy  out  of  this  mode)  with  an  antenna  pattern  in  which  almost  all  of 
the  energy  is  in  a  highly-directional  central  lobe. 

In  addition,  integrated  optoelectronic  circuits  frequently  incorporate  com¬ 
ponents  such  as  electrooptic  modulators  and  Y-junctions  that  require  waveguides 
with  a  small  mode  size  for  efficient  device  operation.  When  coupling  into  free 
space,  however,  a  large  mode  size  is  desirable  at  the  device  output  endface  in 
order  to  obtain  a  highly  directional  far-field  beam.  Optical  horn  antennas,  for 
example,  have  been  used  to  produce  a  lateral  increase  in  the  size  of  a  guided 
mode,  thereby  reducing  the  lateral  far-field  beam  divergence.”  In  our  program 
we  have  addressed  mono! ithi cal ly  integrated  reduced-confinement  GaAlAs  waveguide 
antennas  potentially  capable  of  increasing  the  size  of  a  guided  mode  in  both  the 
transverse  and  lateral  dimensions.  The  concept  of  a  reduced-confinement  antenna 
has  been  used  at  microwave  frequencies  since  the  1940s  in  the  dielectric  "polyrod" 
antenna. 5 

We  describe  here  the  fabrication,  operation  and  optimization  of  reduced- 
confinement  GaAlAs  tapered  waveguide  antennas  for  use  in  coupling  to  free-space 
radiation.  These  antennas,  which  are  designed  to  operate  at  GaAs-laser  wave¬ 
lengths  (e.g.,  0.88  pm),  are  produced  by  using  a  novel  single-step  molecular-beam- 
epitaxy  (MBE)  growth  technique.  6»7  This  technique  allows  us  to  grow  single¬ 
mode  structures  in  which  a  tapered  GaAlAs  waveguide  film  varying  longitudinally 
in  both  thickness  and  A1  concentration,  and  therefore  refractive  index,  is 
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sandwiched  between  two  uniform  lower-index  cladding  layers.  In  these  slab  wave¬ 
guide  antennas,  the  transverse  confinement  of  the  guided  mode  is  reduced  near  the 
device  output  endface  both  by  decreasing  the  waveguide  film  thickness  and,  more 
importantly,  by  decreasing  the  refractive  index  difference  between  the  waveguide 
film  and  cladding.  Using  this  structure,  we  have  demonstrated  reductions  of 
>35%  in  the  transverse  far-field  beam  divergence  for  radiation  emitted  from  single 
mode  GaAlAs  slab  waveguides.  The  reduced-confinement  geometry  is  particularly 
advantageous  because  it  will  permit  fabrication  of  two-dimensional  GaAlAs  antenna 
structures  capable  of  independently  tailoring  far-field  beam  profiles  in  the 
directions  both  perpendicular  and  parallel  to  the  wafer  surface. 

The  concept  of  a  reduced-confinement  tapered  waveguide  antenna  is  presented 
in  Section  III  A,  and  the  MBE  growth  technique  that  allows  us  to  produce  these 
monolithically  integrated  GaAlAs  antennas  is  described  in  Section  III  B.  The 
experimental  performance  of  reduced-confinement  GaAlAs  slab  waveguide  antennas  is 
reported  in  Section  III  C,  and  performance  limitations  of  these  antennas  resulting 
from  finite  cladding  thicknesses  are  also  discussed.  Section  III  D  presents  the 
results  of  a  numerical  simulation  of  reduced-confinement  antennas  in  which  the 
effects  of  taper  length  on  antenna  performance  are  investigated  for  two  simple 
taper  geometries.  Specifically,  requirements  on  the  amplitude  and  phase  profiles 
of  the  electric  field  at  the  antenna  output  are  analyzed  and  discussed. 

A.  Concept 

The  concept  of  a  reduced-confinement  tapered  waveguide  antenna  is  illus 
trated  in  Fig.  2.  The  cross-sectional  profile  of  a  nontapered  buried  symmetric 
slab  waveguide  is  shown  in  Fig.  2(a),  in  which  a  uniform-index  waveguide  film  of 
constant  thickness  is  sandwiched  between  two  identical  lower-index  cladding  layers 
The  fundamental  guided  mode  propagates  along  the  length  of  this  structure  without 
changing  its  shape.  This  guided  mode  is  characterized  by  an  effective  mode  width. 
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N  EAR-FIELD  GUIDED-MODE  FAR-FIELD 

PROFILE  ANTENNA  PATTERN 

NON-TAPERED  WAVEGUIDE 


TAPERED  WAVEGUIDE  ANTENNA 


REFRACTIVE  index  taper 


Fig.  2  The  concept  of  a  reduced-confinement  tapered  waveguide  antenna.  Guided- 
mode  intensity  profiles  and  far-field  antenna  patterns  for  (a)  a  uniform 
(nontapered)  slab  waveguide,  (b)  a  waveguide  in  which  the  refractive 
index  difference  between  the  film  and  cladding,  An,  is  reduced  near  the 
device  endface,  and  (c)  a  waveguide  in  which  the  waveguide  film  thick¬ 
ness  is  reduced  near  the  output  endface. 
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denoted  by  d  in  Fig.  2(a).  The  effective  mode  width  accounts  for  the  finite 
penetration  depth  of  the  guided  mode's  evanescent  tails  into  the  surrounding 
cladding  layers.  The  far-field  antenna  pattern  for  radiation  emitted  from  the 
nontapered  device  is  also  shown  in  Fig.  2(a).  Note  that  the  far-field  beam 
divergence  is,  to  first  order,  inversely  proportional  to  the  effective  width  of 
the  guided  mode  at  the  waveguide  output  endface. 

The  effects  of  a  monolithically  integrated  reduced-confinement  antenna 
are  shown  in  Figs.  2(b)  and  (c).  The  antenna  in  Fig.  2(b)  is  tapered  in  the 
sense  that  the  refractive  index  of  the  waveguide  film  varies  along  the  direction 
of  propagation,  such  that  the  refractive  index  difference  between  the  waveguide 
film  and  cladding  is  gradually  reduced  near  the  output  endface  of  the  device. 
Hence,  the  confinement  of  the  guided  mode  is  reduced  near  this  endface,  resulting 
in  an  effective  mode  width  D  at  the  antenna  output  that  is  substantially  larger 
than  that  of  the  nontapered  waveguide.  Therefore,  the  far-field  beam  divergence 
is  also  substantially  reduced.  For  sufficiently  thin  waveguide  films,  reduced 
modal  confinement  can  also  be  achieved  by  decreasing  the  waveguide  film  thickness, 
as  shown  in  Fig.  2(c).  In  the  experimental  devices  reported  in  this  paper,  re¬ 
duced  confinement  of  the  guided  mode  is  accomplished  both  by  physically  decreasing 
the  waveguide  dimension  and  by  reducing  the  refractive  index  difference  between 
the  waveguide  film  and  cladding  along  the  length  of  the  guide. 

B.  MBE  Growth  Technique 

A  GaAlAs  slab  waveguide  with  a  monolithically  integrated  reduced- 
confinement  antenna  is  shown  schematically  ;n  Fig.  3.  This  antenna,  which  employs 
a  compositional ly  and  dimensionally  tapered  waveguide  film,  is  produced  by  using 
a  one-step  MBE  growth  technique.  The  details  of  the  MBE  technique  are  as  follows. 
The  GaAs  substrate  wafer  is  bonded  with  indium  to  a  specially  designed  substrate¬ 
mounting  block  whose  top  surface  is  slightly  recessed  in  various  regions. 
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Fig.  3  Cross-sectional  profile  of  a  reduced-confinement  GaAlAs  tapered  slab 
waveguide  antenna.  The  material  compositions  and  film  thicknesses 
were  obtained  by  Auger  electron  spectroscopy  and  photoluminescence 
measurements. 
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Figure  4(a)  is  an  illustration  of  this  molybdenum  mounting  block,  and  Fig.  4(b)  is 

a  cross-sectional  profile  of  a  portion  of  the  mounting  block  and  multiple-antenna 

wafer  prior  to  cleaving.  The  regions  of  the  wafer  that  are  in  direct  thermal 

* 

contact  with  the  unrecessed  portions  of  the  mounting  block  are  conductively  heated, 
while  the  regions  that  are  located  above  a  recess  are  radiatively  heated.  The 
radiatively  heated  regions  have  a  lower  substrate  surface  temperature  than  the 
conductively  heated  regions  of  the  same  wafer.  For  substrate  surface  temperatures 
below  650°C,  the  sticking  coefficients  of  both  Ga  and  A1  on  GaAs  are  essentially 
independent  of  temperature.  Above  650°C,  however,  the  sticking  coefficient  of  Ga 
continuously  decreases  with  increasing  temperature.8’9  This  decrease  in  the  Ga 
sticking  coefficient  results  in  increased  A1  concentrations  and  decreased  growth 
rates  for  GaAlAs  films  grown  by  MBE  at  successively  higher  temperatures.  Thus,  for 
substrate  surface  temperatures  greater  than  650°C,  a  temperature  gradient  across 
the  wafer  surface  produces  a  spatial  variation  in  the  relative  amounts  of  Ga  and 
A1  that  are  incorporated  into  the  waveguide  film,  as  well  as  a  spatial  variation 
in  the  waveguide  film  thickness. 

For  the  device  shown  in  Fig.  3,  a  uniform  1.8-ym-thick  GaQ  ^Alg  215As 
lower  cladding  layer  is  first  grown  at  temperatures  between  ~555  and  580  °C,  for 
which  the  sticking  coefficients  are  insensitive  to  growth -temperature  variations. 
The  temperature  of  the  mounting  block  is  then  increased  and  a  tapered  GaAlAs  wave¬ 
guide  film  is  grown.  For  the  film  shown  in  Fig.  3,  the  substrate  surface  tempera¬ 
ture  ranges  from  -680  to  720  °C.  The  resulting  waveguide  film  varies  from  a 
0.5-ym-thick  Ga0  g^Alg  -jgAs  film  in  the  cooler  region  to  a  0.42-ym-thick 
GaQ  02^0  18^s  the  warmer  re9i°n'  finally,  the  mounting  block  temperature 

is  reduced  to  -580  °C  and  an  upper  cladding  layer,  identical  in  composition  and 
thickness  to  the  lower  cladding  layer,  is  grown.  The  layer  thicknesses  and  compo¬ 
sitions  that  are  indicated  in  Fig.  3  were  determined  by  Auger  electron  spectro¬ 
scopy  and  photoluminescence  measurements.  With  our  current  MBE  growth  procedure, 
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(b)  UNIFORM  UPPER-CLADDING  LAYER 


TAPERED  WAVEGUIDE  FILM 


UNIFORM  LOWER- 
CLADDING  LAYER 


SLOTTED  MOUNTING 
BLOCK 


VACUUM 


Fig.  4  (a)  Slotted  mounting  block  used  during  MBE  growth  to  produce 
local  variations  in  the  substrate  surface  temperature. 

(b)  Cross-sectional  profile  of  a  portion  of  the  mounting 
block  and  multiple-antenna  wafer  prior  to  cleaving. 
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the  length  of  the  tapered  transition  is  between  1  and  2  mm.  By  modifying  this  pro¬ 
cedure,  the  taper  length  and  geometry  may  be  altered.  Specifically,  the  depth  and 
spacing  of  the  mounting  block  recesses  can  be  varied  in  order  to  controllably  alter 
the  taper  profile.  In  addition,  above  650°C,  the  Ga  sticking  coefficient  is  not 
strictly  a  linearly  decreasing  function  of  temperature.  Therefore  a  variety  of 
taper  geometries  can  be  produced  by  changing  the  temperature  over  which  the  graded 
index  film  is  grown  and  adjusting  the  A1  and  Ga  beam  fluxes  accordingly.  Shorter 
taper  lengths  and  customized  taper  profiles  could  also  be  achieved  by  using  more 
sophisticated  techniques  such  as  laser  heating  to  produce  the  substrate  tempera¬ 
ture  gradients. 

C.  Experimental  Results 

The  tapered  slab  waveguide  antenna  shown  in  Fig.  3  is  designed  for  single¬ 
mode  operation  at  a  wavelength  of  0.88  ym.  In  the  cooler  growth  region,  there  is  a 
difference  of  0.055  in  the  AlAs  mole  fraction  (An  «  0.022)  between  the  0.52-ym- 
thick  waveguide  film  and  the  cladding  layers.  The  result  is  a  strongly  confining 

single-mode  optical  waveguide  in  this  region,  for  which  the  confinement  parameter 
2  2  1/2 

V  =  kh(nf  -  n£)  '  -  1.45,  where  k  is  the  magnitude  of  the  wave  vector,  h  is  the 

film  thickness,  and  nf  and  nc  are  the  refractive  indices  of  the  film  and  cladding, 
respectively.  The  region  grown  at  higher  substrate  surface  temperatures,  however, 
exhibits  a  difference  of  only  0.035  in  AlAs  mole  fraction  (An  =  0.014),  and  the 
waveguide  film  thickness  is  only  0.42  ym.  Hence,  this  section  of  the  waveguide  is 
much  less  optically  confining  (V  =  0.93). 

The  data  points  and  dashed  line  in  Fig.  5(a)  show  the  far-field  intensity 
profile  measured  for  the  antenna  of  Fig.  3  along  the  direction  perpendicular  to  the 
wafer  surface.  For  comparison,  the  measured  far-field  profile  for  a  nontapered 
device  that  maintains  the  strongly  confining  0.52-ym-thick  Gag  q^AIq  ^As  wave¬ 
guide  film  along  its  entire  length  is  shown  in  Fig.  5(b).  Both  measurements  are 
for  transverse-electric  (TE)  polarized  light  from  a  GaAs  diode  laser  at  a  wavelength 


Fig.  5  Normalized  far-field  intensity  profiles  for  (a)  tapered 

(reduced-confinement)  and  (b)  nontapered  GaAlAs  slab  wave 
guides.  The  data  points  and  dashed  lines  indicate  the 
experimentally  measured  profiles,  while  the  solid  lines 
indicate  the  theoretically  predicted  profiles  based  upon 
the  Auger  data.  The  experimental  FWHMs  are  shown. 
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of  0.88  urn.  Radiation  from  the  tapered-antenna  waveguide  exhibits  a  10.0°  full 
width  at  half-maximum  (FWHM)  far-field  beam  divergence,  a  36%  reduction  from  the 
15.7°  FWHM  beam  divergence  obtained  for  the  nontapered  waveguide. 

Using  Auger  data  for  both  the  strongly  confining  and  weakly  confining 
regions  of  the  waveguide  in  Fig.  3,  we  have  calculated  the  guided-mode  parameters 
and  the  guided-mode  electric-field  amplitude  profiles  for  the  input  and  output 
sections  of  the  device.  According  to  these  calculations,  the  width  of  the  guided- 
mode  intensity  varies  from  0.71  ym  FWHM  in  the  strongly  confining  waveguide  region 
to  0.97  ym  FWHM  in  the  weakly  confining  structure,  an  increase  of  37%.  The  ana¬ 
lytically  determined  electric-field  profiles  for  both  regions  of  the  device  are  then 
propagated  to  the  far  field  through  a  Fourier  transform.  The  theoretically  pre¬ 
dicted  far-field  intensity  profiles,  which  are  shown  by  the  solid  lines  in  Fig.  5, 
are  in  close  agreement  with  the  experimentally  observed  profiles  for  the  tapered 
and  nontapered  waveguides. 

Table  I  contains  theoretical  calculations  of  the  mode  size  and  far-field 
beam  divergence  for  a  nontapered  GaAlAs  slab  waveguide,  for  an  antenna  with  only  a 
refractive  index  taper,  and  for  an  antenna  with  a  combination  of  both  refractive- 
index  and  dimensional  tapers.  The  nontapered  waveguide  in  Table  I  has  the  same 
waveguide  parameters  as  the  strongly  confining  input  region  of  the  device  in  Fig.  3, 
and  the  antenna  with  both  the  refractive  index  and  dimensional  tapers  corresponds 
exactly  to  the  antenna  illustrated  in  Fig.  3.  The  FWHMs  correspond  to  the  theo¬ 
retical  curves  of  Fig.  5.  For  completeness.  Table  I  includes  the  calculated  mode 
parameters  and  beam  divergence  for  a  device  incorporating  only  a  refractive  index 
taper,  which  is  the  structure  that  would  exist  if  only  a  refractive  index  taper, 
and  no  dimensional  taper,  were  present  In  the  device  of  Fig.  3.  For  such  a  struc¬ 
ture,  the  calculated  width  of  the  guided-mode  intensity  at  the  output  is  0.91  ym 
FWHM  and  the  calculated  far-field  beam  divergence  is  11.0°  FWHM.  Hence,  for  the 
antenna  illustrated  in  Fig.  3  and  for  the  results  reported  in  Fig.  5,  the 
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Table  I 


Relative  Effects  of 

the  Refractive  Index  and 

Dimensional 

Tapers 

Waveguide 

Film 

Thickness 

(pm) 

AlAs  Hole 
Fraction 
in 

Waveguide 

Film 

AlAs  Mole 
Fraction 
in 

Cladding 

Theoreti cal 
Mode  Width 
at  Antenna 
Output 
(FWHM  pm) 

Theoretical 

Far-Field 

Beam 

Divergence 
(FWHM  deg) 

Nontapered 

waveguide 

0.52 

0.16 

0.215 

0.71 

15.9 

Tapered 
antenna 
(refractive 
index  taper 
only) 

0.52 

0.16-^0.18 

0.215 

0.91 

11.0 

Tapered 
antenna 
(refractive 
index  and 
dimensional 
taper) 

0 . 52  — *0 . 42 

0.16-^0.18 

0.215 

0.97 

9.4 

refractive  index  taper  accounts  for  ~75%  of  the  reduction  in  the  transverse  far- 
field  beam  divergence,  while  the  dimensional  taper  accounts  for  the  remaining  ~25% 
of  the  reduction.  Therefore,  for  this  particular  device,  the  refractive  index 
taper  is  the  predominant  effect  responsible  for  the  increase  in  the  far-field  beam 
directionality;  however,  the  combination  of  refractive  index  and  dimensional  taper¬ 
ing  produces  a  net  reduction  in  the  far-field  beam  divergence  that  is  greater  than 
that  of  either  of  these  effects  acting  alone. 

To  examine  the  limits  on  the  performance  of  reduced-confinement  antennas, 
we  have  grown  the  tapered  waveguide  structure  shown  in  Fig.  6(a).  This  device 
tapers  from  a  symmetric  slab  waveguide  in  the  cooler  growth  region  to  uniform 
material  (no  waveguide  structure)  in  the  warmer  growth  region.  The  structure  has 
been  cleaved  into  a  series  of  samples  whose  output  endfaces  intersect  the  waveguide 
antenna  at  various  positions  along  the  taper  length,  as  indicated  by  the  dashed 
vertical  lines  in  Fiq.  6(a).  The  measured  far-field  profiles  for  these  devices  are 
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RELATIVE  POSITION 
OF  OUTPUT  ENDFACE 


Fig.  6  (a)  Cross-sectional  profile  of  a  reduced-confinement  structure 
that  tapers  from  a  buried  symmetric  slab  waveguide  to  uniform 
material.  The  dashed  vertical  lines  indicate  the  locations  of 
the  cleaved  output  endfaces  of  samples  (i)  through  (i'O- 

(b)  Experimentally  measured  far-field  profiles  for  samples  (i) 
through  (iv). 
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shown  in  Fig.  6(b).  The  nontapered  device  (i),  with  its  uniform  0,60-ym- thick 
Ga0  7gAl0  22As  waveguide  film,  exhibits  a  13.1°  FWHM  far-field  beam  divergence. 

As  the  location  of  the  antenna  endface  progresses  through  the  tapered  transition, 
the  divergence  steadily  decreases,  eventually  reaching  a  minimum  value  at  (iii)  of 
8.2°  FWHM.  This  8.2°  divergence  is  a  37%  reduction  from  the  divergence  for  the 
nontapered  waveguide.  The  output  endface  of  the  longest  sample  (iv)  lies  beyond 
the  tapered  transition,  in  the  region  of  the  wafer  where  the  structure  is  no  longer 
guiding.  As  expected,  significant  leakage  into  the  higher-index  GaAs  substrate  is 
apparent  in  the  far-field  profile  for  this  device,  causing  an  increase  in  the 
divergence  to  9.4°  FWHM. 

The  minimum  beam  divergence  of  8.2°  FWHM  in  Fig.  6(b)  can  be  interpreted 
as  follows.  As  the  GaAs-laser  radiation  propagates  through  the  tapered  transition, 
the  waveguide  structure  becomes  significantly  less  confining  and  the  width  of  the 
guided  mode  increases  until  it  approaches  5.4  ym,  the  total  thickness  of  the  trans¬ 
parent  guiding  and  cladding  layers.  The  lower  boundary  of  this  transparent  epi¬ 
taxial  window  is  the  absorbing  higher-index  GaAs  substrate.  As  a  benchmark  for 
comparison  with  our  experimental  measurements,  we  have  calculated  the  theoretical 

far-field  radiation  profile  for  a  5.4-ym-wide  slit  that  is  uniformly  illuminated 

2 

by  a  plane  wave.  The  central  far-field  lobe  of  this  calculated  [(sin  x)/x] 
intensity  pattern  is  8.2°  FWHM.  Although  the  "exact"  agreement  is  fortuitous,  this 
result  indicates  that  the  observed  8.2°  FWHM  far-field  beam  divergence  is  consistent 
with  the  minimum  beam  divergence  that  can  be  expected  for  this  particular  device. 

In  order  to  obtain  a  5°  FWHM  transverse  far-field  beam  divergence,  we  have  calcu¬ 
lated  that  an  emitting  aperture  thickness  greater  than  9  ym  is  required.  Fabrica¬ 
tion  of  tapered  waveguide  structures  that  incorporate  thicker  cladding  layers  than 
those  shown  in  Fig.  6(a)  is  currently  underway  in  an  effort  to  demonstrate  far- 
field  beams  with  significantly  less  divergence.  N+-GaAs  doped  substrates  are 
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being  used  for  these  devices  to  absorb  light  radiating  outside  of  the  cladding  and 
into  the  substrate. 

To  date,  quantitative  loss  measurements  have  not  been  performed  on 
channel  or  ridge  waveguides  fabricated  in  the  reduced-confinement  GaAlAs  tapered 
waveguide  material.  Current  research  efforts  are  focussed  on  performing  these  loss 
measurements.  The  technique  that  has  been  developed  to  measure  this  loss  uses  the 

fact  that  a  waveguide  structure  cleaved  at  both  ends  behaves  as  a  Fabry-Perot 

resonator.  Measuring  the  transmission  ratio  of  this  resonator  one  can  determine 
the  loss  in  the  waveguide.16  For  this  measurement  a  laser  source  is  required  with 

a  long  coherence  length  (a  single  spectral  mode  with  very  narrow  linewidth).  Gas 

lasers  have  been  used  by  others  for  this  purpose. 16  However,  the  antennas  being 
developed  are  for  use  at  GaAs  diode  laser  wavelengths.  An  appropriate  laser  source 
has  been  developed  by  stabilizing  the  operating  temperature  of  a  GaAs  diode  laser 
which  had  been  manufactured  for  coherent  communication.  By  observing  the  trans¬ 
mission  ratio  of  the  power  as  the  cleaved  waveguide  device  changes  length  due  to 
slow  heating,  the  optical  attenuation  can  be  calculated.  Losses  as  low  as 
0.7  dB/cm  have  been  measured  on  channel  waveguides  made  in  material  grown  by  the 
OMCVD  (Organo-Metallic  Chemical  Vapor  Deposition)  technique  and  whose  fabrication 
is  described  in  Section  IV. 

Straight  and  tapered  channel  waveguides  are  being  fabricated  from  the 
antenna  material  grown  using  MBE.  The  straight  channel  waveguide  devices  are 
necessary  to  quantify  the  optical  loss  due  to  the  material  alone.  This  channel 
waveguide  will  then  be  integrated  with  the  tapered  film  device  to  identify  the 
loss  due  to  the  antenna  region.  In  addition  to  straight  waveguides,  tapered  channel 
waveguides  will  be  fabricated  using  an  Ion  Beam  Assisted  Etching  (IBAE)  process. 

A  mask  set  for  the  photolithography  has  already  been  designed  for  a  tapered 
channel  waveguide.  This  taper  is  etched  in  the  lateral  direction  and  provides  the 
second  dimension  of  tapering  in  addition  to  the  transverse  tapering  already 
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occurring  in  the  film  layer.  This  tapered  waveguide  will  be  fabricated  using  the 
MBE  grown  material  without  and  with  the  film  taper.  A  comparison  of  these  two 
devices  will  allow  one  to  determine  where  any  power  losses  may  occur  due  to  the 
channel  taper.  The  final  device  will  provide  a  two-dimensional  reduced-confinement 
antenna  since  the  film  taper  will  be  integrated  with  the  channel  taper. 

D.  Numerical  Simulation 

A  numerical  simulation  routine  has  been  developed  in  order  to  verify  and 
accurately  predict  the  performance  limitations  of  reduced-confinement  antennas. 
Fraunhofer  diffraction  theory  dictates  that  the  far-field  beam  divergence  is  a 
function  of  both  the  amplitude  and  phase  profiles  of  the  electric  field  at  the 
antenna  output.  For  very  long  tapers,  the  reduced-confinement  antenna  is  adiabatic, 
meaning  that  the  optical  power  remains  in  the  local  guided  mode  and  the  optical 

field  maintains  a  planar  phase  front.  For  shorter  tapers,  however,  this  is  not 

always  the  case.  Through  the  use  of  numerical  simulation,  we  have  found  that 
requirements  on  both  the  amplitude  and  phase  profiles  of  the  electric  field  at  the 
antenna  output  impose  a  stringent  lower  limit  on  the  acceptable  taper  length  for 
optimal  far-field  antenna  performance.  In  addition,  this  lower  limit  on  accept¬ 
able  taper  length  is  found  to  be  a  function  of  both  taper  geometry  and  the  rela¬ 
tive  degree  of  variation  in  the  confinement  of  the  guided  mode  along  the  antenna. 

For  the  numerical  simulation,  the  continuously  tapered  reduced-confinement 
slab  waveguide  antenna  is  modeled  by  a  step-tapered  slab  waveguide  section  of  the 
type  illustrated  in  Fig.  7.  Both  the  refractive  index  and  thickness  of  the  wave¬ 
guide  film  are  chosen  to  vary  along  the  direction  of  propagation  with  an  assumed 
taper  function.  For  the  first  set  of  results  that  are  described  in  this  paper,  the 

waveguide  refractive  index  and  film  thickness  are  assumed  to  vary  linearly  from  the 

input  index  and  thickness  given  by  nf>in  and  h^,  respectively,  to  the  output  index 
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CONTINUOUS  REFRACTIVE  INDEX 
AND  THICKNESS  TAPER  FUNCTIONS, 


DEVICE  n(|N 

I  3.462 

II  3.462 


hIN  nt,OUT 

0.52  |jm  3.454 

0 .52  Mm  3.446 


hOUT  nc 

0.42  pm  3.440 

0.39  pm  3.440 


1SM90-9 


Fig.  7  Symmetric  step-tapered  slab  waveguide  model  of  a  continuously  tapered 
reduced-confinement  antenna,  assuming  linearly  tapered  refractive  index 
and  thickness  profiles.  Dashed  lines  represent  the  continuous  refractive 
index  and  thickness  taper  functions,  while  the  solid  lines  represent  the 
step- tapered  waveguide  functions  that  are  analyzed.  The  output  endface 
of  the  antenna  coincides  with  the  very  end  of  the  tapered  transition.  The 
input  and  output  waveguide  parameters  are  listed  for  two  simulated  antennas. 
(Device  I  corresponds  to  the  experimental  structure  illustrated  in  Fig.  2.) 
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and  thickness  given  by  n^  Qut  and  hout,  respectively.  The  output  endface  of  the 
waveguide  antenna  is  assumed  to  coincide  with  the  very  end  of  the  tapered 
transition. 

By  breaking  the  tapered  antenna  into  a  large  number  of  short  discrete  steps 
(50  to  100)  and  by  utilizing  the  concept  of  local  normal  modes,  a  procedure  very 
similar  to  that  described  by  Suchoski  and  Ramaswamy11  is  used  to  analyze  the  effects 
of  the  tapered  transition  on  the  optical  beam.  Specifically,  the  local  fundamental 
guided  mode  and  the  spectrum  of  local  radiation  modes  are  determined  in  each  of  the 
waveguide  sections.  By  applying  the  boundary  conditions  for  Maxwell's  equations 
at  each  step  discontinuity,  and  by  allowing  the  local  guided  and  radiation  modes 
of  each  waveguide  section  to  propagate  with  the  appropriate  propagation  constants, 
the  amplitude  and  phase  profiles  of  the  total  electric  field  are  calculated  as  an 
optical  beam  passes  through  the  tapered  antenna  structure. 

This  report  describes  the  simulated  performance  of  two  GaAlAs  slab  waveguide 
antennas,  devices  I  and  II,  whose  input  and  output  waveguide  parameters  are  listed 
in  the  table  at  the  bottom  of  Fig.  7.  Device  I  has  input  and  output  waveguide 
parameters  that  correspond  exactly  to  the  input  and  output  parameters  for  the 
experimental  antenna  illustrated  in  Fig.  3.  Device  II  has  the  same  input  parameters 
as  device  I.  However,  the  output  of  device  II  is  somewhat  less  confining  than  that 
of  device  I,  indicating  that  the  waveguide  film  index  is  closer  to  that  of  the  sub¬ 
strate  and  the  film  is  slightly  thinner.  Hence,  a  greater  reduction  in  the  far- 
field  beam  divergence  is  anticipated  from  device  II  than  from  device  I. 

The  effects  of  taper  length  on  antenn?  performance  are  illustrated  in  Fig.  8 
for  the  case  of  device  I,  assuming  a  linearly  tapered  antenna.  Specifically, 

Fig.  8  shows  as  a  function  of  taper  length  the  simulated  intensity  and  phase  pro¬ 
files  of  the  electric  field  at  the  output  of  device  I,  as  well  as  the  simulated 
far-field  intensity  profiles.  The  near-field  and  far-field  intensity  profiles  for 
a  nontapered  device  with  a  0.52-ym-thick  strongly  confining  waveguide  film 
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TAPER 

LENGTH 


NONTAPERED 


0.05  mm 


0.1  mm 


0.3  mm 


0.5  mm 


INTENSITY  PROFILE 
AT  ANTENNA  OUTPUT 


FAR- FIELD 
INTENSTTY  PROFILE 


X-POSmON  (pm) 


X-POSITION  (pm) 


ANGLE  (d*g) 


Fig.  8  Effects  of  taper  length  on  antenna  performance  for  device  I,  assuming 
linearly  tapered  index  and  thickness  profiles.  The  intensity  and 
phase  profiles  of  the  electric  field  at  the  antenna  output  and  the 
far-field  intensity  profiles  are  shown  for  various  taper  lengths. 
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(n^  =  3.462)  along  its  entire  length  are  included,  for  comparison,  in  Fig.  8.  For 
this  nontapered  waveguide,  the  width  of  the  guided-mode  intensity  profile  measures 
0.7  pm  FWHM,  resulting  in  a  15.8°  FWHM  far-field  beam  divergence.  For  taper  lengths 
as  short  as  50  pm,  the  width  of  the  output  optical  beam  from  device  I  is  increased 
by  ~50l  to  1.0  pm,  when  compared  to  the  nontapered  waveguide,  as  a  result  of  the 
reduced-confinement  antenna.  However,  for  taper  lengths  less  than  300  pm  this 
increase  in  the  width  of  the  output  optical  beam  is  accompanied  by  a  diverging  phase 
front  curvature  across  the  electric  field  at  the  antenna  output,  as  shown  in  Fig.  8. 
When  the  far-field  radiation  profile  is  calculated  using  both  the  amplitude  and 
phase  profiles  of  the  electric  field  at  the  output,  suboptimal  antenna  performance 
is  achieved  in  the  case  of  these  extremely  short  tapers  as  a  result  of  the  induced 
phase-front  curvature.  In  terms  of  ~ur  local -normal -mode  analysis,  this  phase-front 
curvature  for  short  devices  results  from  a  small  fraction  of  the  optical  field  that 
has  coupled  into  radiation  modes;  because  of  an  insufficient  phase  delay,  this  radi¬ 
ation  does  not  couple  efficiently  back  into  the  guided  mode.  Although  the  total 
power  contained  within  the  local  radiation  modes  at  the  antenna  output  is  small 
(only  a  few  percent  of  the  total  power),  the  radiation  modes  are  able  to  signifi¬ 
cantly  alter  the  phase  of  the  electric  field  in  the  tails  of  the  optical  beam.  In 
the  case  of  device  I,  on  the  assumption  of  linearly  tapered  refractive  index  and 
thickness  profiles,  near  optimal  antenna  performance  is  only  achieved  for  taper 
lengths  greater  than  300  ym. 

Figure  9(a)  shows  as  a  function  of  taper  length  the  fraction  of  the  input 
optical  power  that  is  contained  within  the  local  radiation  modes  at  the  antenna 
output  of  devices  I  and  II.  Note  that  a  logarithmic  scale  is  used  and  a  linear 
taper  profile  is  assumed.  Figure  9(b)  shows  the  FWHM  far-field  beam  divergence  also 
as  a  function  of  taper  length  for  both  of  these  linearly  tapered  devices.  For 
device  I,  which  corresponds  to  the  experimental  antenna  in  Fig.  3,  nearly  optimal 
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Fig.  9  (a)  Fraction  of  input  power  that  does  not  couple  into  the  local  guided 
mode  at  the  antenna  output  as  a  function  of  taper  (antenna)  length.  A 
logarithmic  scale  is  used  to  accentuate  the  differences  between  devices 
I  and  II.  (b)  FWHM  far-field  beam  divergence  for  devices  I  and  II  as  a 
function  of  taper  length,  The  horizontal  dashed  lines  indicate  the 
minimum  anticipated  far-field  beam  divergence  for  the  two  devices, 
based  upon  the  loosely  confined  local  guided  mode  at  the  antenna  output. 
These  curves  assume  linearly  tapered  refractive  index  and  thickness 
profiles. 
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antenna  performance  is  achieved  for  taper  lengths  greater  than  300  ym,  resulting 
in  a  -40%  reduction  in  the  transverse  far-field  beam  divergence.  For  device  II, 
which  achieves  a  lower  degree  of  beam  confinement  at  the  antenna  output,  a  -70% 
reduction  is  achieved;  however,  the  necessary  taper  length  for  optimal  antenna 
performance  is  increased  to  -2  to  3  mm. 

The  effects  of  taper  geometry  on  antenna  performance  have  also  been  investi¬ 
gated.  In  addition  to  the  linearly  tapered  profile  illustrated  in  Fig.  7,  a  para- 
bolically  tapered  antenna  has  been  examined,  in  which  the  refractive  index  and  thick¬ 
ness  of  the  waveguide  film  vary  parabolically  along  the  direction  of  propagation 
as  shown  in  Fig.  10. 12  Compared  with  the  linear  antenna,  the  parabolically  tapered 
geometry  results  in  a  more  steady  increase  in  the  size  of  the  optical  mode  as  the 
beam  propagates  along  the  tapered  transition.  A  comparison  of  the  performance  of 
device  II  for  the  linear-  and  parabolic-taper  cases  is  shown  in  Fig.  11.  As 
expected,  nearly  optimal  antenna  performance  can  be  achieved  with  a  shorter  taper 
length  by  using  a  parabolic  antenna  in  place  of  the  linear  antenna.  Specifically, 
for  the  parabolically  tapered  structure,  a  70%  reduction  in  the  far-field  beam 
divergence,  from  16°  to  5°  FWHM,  is  attainable  from  a  1-mm-long  antenna  for  which 
the  cladding  and  film  thicknesses  total  >9  ym.  In  addition,  the  simulation  indi¬ 
cates  that  a  negligible  fraction  (<1%)  of  the  input  optical  power  is  lost  to  radia¬ 
tion  modes  as  a  result  of  this  1-nm-long  parabolically  tapered  antenna. 
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Fig.  10  Schematic  of  a  reduced-confinement  antenna  with  parabolically  tapered 
refractive  index  and  thickness  profiles.  The  solid  lines  represent 
the  continuous  refractive  index  and  thickness  taper  functions,  while 
the  dashed  lines  represent  the  step-tapered  waveguide  functions  that 
are  analyzed.  The  output  endface  of  the  antenna  coincides  with  the 
very  end  of  the  tapered  region. 
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(a)  TAPER  LENGTH  (mm) 


(b)  TAPER  LENGTH  (mm) 
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Fig.  11  Comparison  of  the  performance  of  device  II  for  linearly  and 
parabolical ly  tapered  antennas,  (a)  Fraction  of  input  power 
that  does  not  couple  into  the  local  guided  mode  at  the  antenna 
output  as  a  function  of  taper  (antenna)  length,  (b)  FWHM  far- 
field  beam  divergence  as  a  function  of  taper  length. 
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IV.  Wavefront  Phase  Tilt  Measurement 

In  the  wavefront  sensing  and  correction  basic  module,  the  input  powers  to  the 
interferometer  arms  will  not  be  equal,  as  a  result  of  input  power  nonuniformity  or 
unequal  coupling  by  the  evanescent  couplers.  The  requirement  that  the  coupling 
of  the  evanescent  couplers  be  equal  for  a  system  with  a  large  number  of  modules 
(10  -104)  is  unrealistic.  In  integrated  optics,  as  in  integrated  circuits,  it  is 
important  to  relax  the  requirements  on  individual  components  and  require  that  the 
operation  of  the  integrated  optics  (circuits)  be  independent  of  significant  com¬ 
ponent  variations.  Therefore,  two  optical  wavefront  phase  tilt  measurement  con¬ 
figurations  have  been  developed  theoretically  to  measure  the  wavefront  phase  tilt, 
regardless  of  power  non-uniformity.  The  first  consists  of  a  Y-junction  interfer¬ 
ometer  with  a  phase  dither  applied  to  one  of  the  input  arms.  The  second  consists 
of  a  three-guide  coupler  with  inputs  to  the  outer  arms;  a  square-wave  bias  phase 
function,  which  switches  between  zero  and  ir/2  radians,  is  applied  to  one  of  the 
input  arms. 

The  output  power  of  a  Y-junction  interferometer  with  equal  powers  in  the 
input  arms  is  given  by  Equation  1  in  Section  II.  For  unequal  powers  and  unequal 
evanescent  coupling  from  the  straight-through  waveguides  to  the  interferometer 
arms,  the  output  power  of  the  Y-junction  is  given  by, 

Pout  *  [61P1  +  <52P2  +  2/6lpl  /,S2P2  cos*  3  8  (2) 

where  and  P2  are  the  unequal  incident  powers,  6^  and  62  are  the  unequal  coupling 
coefficients  of  the  evanescent  couplers,  B  again  accounts  for  additional  losses  in 
the  interferometer  arms,  and  <p  is  the  phase  difference  between  the  arms. 

Extracting  the  phase’ difference  $  from  this  equation  requires  measuring  the  powers 
in  the  output  arms,  the  coupling  from  each  evanescent  coupler,  and  the  loss  in  the 
arms  of  the  interferometer. 
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We  (lave  designed  two  wavefront  phase  tilt  measurement  techniques  to  measure 
the  phase  difference  <j>  without  tapping  the  power  in  the  interferometer  arms  or 
measuring  the  coupling  coefficients  of  the  sampling  couplers.  The  first  technique 
shown  in  Fig.  12  consists  of  a  Mach-Zehnder  interferometer  with  a  sinusoidal  phase 
dither  applied  to  one  of  the  interferometer  arms.  The  output  of  the  Y-junction 
is  given  by 

Pout  *  Ei  +  E2  +  2E-|E  cos  (*  -  rsinwt)  (3) 

where  E-j  and  E3  are  the  electric  fields  in  the  arms  of  the  interferometer  and  are 
related  to  the  unequal  input  powers,  and  P3,  the  coupling  coefficients  of  the 
samplers,  6-j  and  <$3,  and  the  loss  in  the  interferometer  arms,  B;  and  Tsinut  is 
the  phase  dither  in  the  interferometer  arm.  For  a  small  amplitude  phase  dither, 
the  phase  tilt  <|>  can  be  determined  from  the  ratio  of  the  amplitudes  of  the  first 
and  second  harmonic  terms,  which  eliminates  any  dependence  on  the  unequal  electric 
fields,  powers  and  coupling  coefficients  in  the  system,  as  well  as  the  loss  in  the 
interferometer  arms. 

The  second  wavefront  phase  tilt  measurement  technique  that  has  been  designed 
shown  in  Fig.  13,  uses  a  three-guide  coupler  and  a  phase  switching  bias  function, 
applied  to  one  of  the  input  arms.  The  applied  phase  bias  switches  between  zero 
and  ir/2  radians.  For  a  three-guide  coupler  which  is  one  coupling  length  long,  a 
coupled  mode  theory  analysis  can  be  used  to  derive  the  equations  for  the  three 
output  powers  of  the  guides.  By  manipulating  these  output  powers,  and  taking  the 
appropriate  ratio  for  the  case  of  no  phase  shift  to  the  case  of  tt/2  phase  shift, 
the  phase  difference  between  the  Input  arms  $  can  again  be  determined.  Once  again 
the  dependence  on  the  unequal  electric  fields,  coupling  coefficients  and  loss  in 
the  input  arms  is  eliminated. 
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Fig.  12  The  Y-junction  interferometer  and  phase  dither  technique  for  measuring 
the  phase  difference. 
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Fig.  13  The  three-guide  coupler  and  phase-switching  technique  for  measuring 
the  phase  difference. 
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For  the  first  design,  which  uses  the  Mach-Zehnder  i nterf erometer ,  an  experi¬ 
mental  system  is  being  built  to  validate  the  design.  In  this  proof-of-concept 
AlGaAs  Mach-Zehnder  system,  illustrated  in  Fig.  14,  there  are  four  p-n  junction 
phase  modulators,  two  on  each  arm  of  the  interferometer.  The  sinusoidal  dither 
voltage  is  applied  to  one  electrode,  a  voltage  VQ  to  vary  the  phase  in  one  arm 
applied  to  a  second  electrode,  and  the  feedback  voltage  used  to  maintain  a  zero 
phase  difference  between  the  output  of  the  two  arms  applied  to  a  third  electrode. 
The  fourth  electrode  can  be  forward  biased  to  investigate  amplitude  as  well  as 
phase  changes.  In  this  test  structure,  output  power  is  detected  off -chip  with  a 
silicon  detector  and  the  amplitudes  of  the  first  and  second  harmonics  of  the 
detector  output  synchronously  measured  with  lock-in  amplifiers.  A  computer  is 
used  to  calculate  the  phase  difference,  and  apply  an  appropriate  feedback  voltage. 
The  equipment  used  in  the  feedback  loop  is  IEEE-488  compatible  so  that  the  computer 
can  be  used  to  control  phase  measurement  and  correction  via  the  GPIB  interface  bus. 
Since  the  ultimate  system  will  use  on-chip  circuitry,  the  optical  components  were 
designed  compatible  with  GaAs  electronic  circuit  technology. 

For  the  sinusoidal  phase  dither  applied  to  one  arm  of  a  Y-junction  interfer¬ 
ometer  [Fig.  14],  the  output  power  is  given  by, 

PA<t>  *  pi  +  p2  +  2  /p-|P2cos(A<l>  -  Tsinwt)  (4) 

where  P-j  and  P2  are  the  powers  in  the  interferometer  arms  incident  on  the  second 
Y-junction  and  rsinwt  is  the  phase  dither.  For  known  dither,  the  phase  difference 
Aij)  can  be  determined  from  the  ratio  of  the  amplitudes  of  the  first  and  second  har¬ 
monics  of  the  dither  frequency  Independent  of  the  power  variations.  In  addition 
to  being  insensitive  to  input  power  variations,  this  technique  also  allows  for 
greater  fabrication  tolerances. 
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Fig.  14  The  proof-of-concept  AlGaAs  Mach-Zehnder  experimental  system  used  to 
validate  the  phase  measurement  and  correction.  The  sinusoidal  dither 
voltage  is  applied  to  the  first  electrode,  a  voltage  Vq  to  vary  the 
phase  in  one  arm  applied  to  the  second  electrode,  the  feedback  voltage 
Vfb  applied  to  the  third  electrode,  and  a  forward-biased  voltage  Vabs 
to  investigate  phase  and  amplitude  changes  applied  to  the  fourth  elec¬ 
trode. 
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Fig.  15  Cross  section  of  the  dielectric-loaded  strip  heterostructure  waveguides 
for  use  at  GaAs  laser  wavelengths.  The  waveguides  are  single  mode  at 
X  =  0.88  ym  for  W  <  4.4  pm.  For  the  phase  modulators,  part  of  the  upper 
cladding  was  doped  p+  (with  the  p+-n  junction  located  about  0.5  ym  from 
the  waveguide-cladding  interface),  and  a  AuZnAu  top  contact  was  used. 
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Dielectric-loaded  strip  heterostructure  waveguides  (Fig.  15)  designed  for 
operation  at  GaAs  laser  wavelengths  were  usod  in  the  interferometer.  The  epi- 
layers  were  grown  by  organometall ic  vapor  phase  epitaxy  (OMVPE),  and  ribs  etched 
in  the  upper  cladding  layer  of  the  waveguide  structure  by  reactive  ion  etching 
(RIE)  for  two-dimensional  optical  confinement.  This  four-layer  structure  was 
modelled  theoretically  and  single-mode  waveguides  designed  to  minimize  absorption 
loss  (low  carrier  concentration  in  the  waveguide  layer),  scattering  loss  (the 
optical  mode  is  away  from  the  etched  interfaces),  and  radiation  loss  in  abrupt 
bends  and  Y-junctions  (the  optical  mode  is  well -confined).  Waveguides  were  charac¬ 
terized  for  propagation  loss  (<1  dB/cm)  using  the  Fabry-Perot  loss  measurement 
technique  described  on  page  19  in  Section  1 1 1 C  above.  Measurements  were  also  made 
of  the  angular  dependence  of  abrupt  bend  insertion  loss  (0.20  dB/bend  for  0.5° 
angle)  and  Y-junction  insertion  loss  (0.37  dB  for  1.0°  full  angle).  Selective 
Be+  ion  implantation  followed  by  rapid  thermal  annealing  can  be  used  to  form  the 
p+-n-n+  phase  modulators.  The  measured  characteristics  of  these  phase  modulators 
has  been  compared  with  theoretical  results  of  both  a  perturbation  analysis  and  a 
more  exact  analysis  of  the  waveguide  mode  in  the  presence  of  an  electric  field. 

The  waveguide  opto-evaluation  testbed  at  the  Research  Laboratory  of  Electronics 
became  operational  during  the  second  year  of  this  contract.  MIT  completely  renovated 
the  laboratory  and  installed  a  sophisticated  air  conditioning  system  with  accurate 
humidity  control.  The  testbed  has  the  appropriate  optics,  laser  sources,  detectors 
and  camera  systems  for  evaluating  integrated  optical  waveguide  structures  at  laser 
wavelengths  of  0.875  pm,  1.15  pm  and  1.3  pm.  Loss  measurements  can  be  made  using  the 
Fabry-Perot  measurement  technique  at  0.875  pm  and  1.15  pm.  A  scanning  mirror  in  the 
output  path  can  be  used  to  scan  the  output  mode  profile  of  the  waveguide  devices 
(e.g.  directional  couplers  and  Y-junctions).  The  testbed  is  IEEE-488  compatible  and 
is  controlled  with  GPIB  interface  bus  with  a  PS/2  Model  80  computer  given  to  MIT 
under  a  grant  from  IBM. 
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